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Abstract 
The simultaneous measurement of current, mass, motional resistance and 
absorbance magnitudes allows the electrochemical cation insertion process to be 
explained during successive voltammograms around the Prussian Blue ⇄ Everitt's Salt 
system in CsCl aqueous acid solutions. Two different ways for the entrance of cesium to 
the porous structure of Prussian Blue have been observed. Firstly, Cs+ is spontaneously 
absorbed as CsCl into the interstitial cluster of water of the channels formed by the 
Fe(II)low spinCNFe(III)high spin structural units of the crystal. This chemical absorption 
involves a spontaneous substitution of inner water molecules of the interstitial water 
cluster. Finally, Cs+ can act as a counter-ion during electrochemical stabilization process 
of Prussian Blue by means of successive voltammograms. 
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1. Introduction 
Electrodeposited films of Prussian Blue (PB), one of the most studied smart 
materials, have been investigated during the last thirty years for their important 
technological applications (i.e. electrochromic devices)1–8. The Prussian Blue films 
freshly deposited following the electrochemical procedure described by Itaya et al. are in 
the “insoluble” form7. This film contents alkaline cations at trace level only9,10. However, 
a compositional change takes place after few successive voltammetric cycles around the 
colored PB and colorless Everitt’s salt forms (PB⇄ES system) in KCl aqueous solutions 
with a pH around three. This process of electrochemical stabilization transforms 
“insoluble” PB into “soluble” PB.  
Structural studies suggest that the crystalline cell units of “soluble” and 
“insoluble” forms are very similar and the main chemical difference is the presence of K 
into the crystalline structure of the “soluble”11,12. The postulated formula of the “soluble” 
form stabilized in presence of K+ is 13,14: 
Fe4
III[FeII(CN)6]3·[(K
+)2·(OH
−)2·(mH2O)]3 [1] 
Crystalline PB structure has a face-centered cubic lattice that shows two different 
types of water molecules: coordinated water into vacancies and uncoordinated water in 
interstitial positions15,16. Consequently, the content of inner water affects directly to all 
physical properties of the material. Then, it is possible to describe the structure of Prussian 
Blue as a cluster of water molecules inside a rigid skeleton formed by Fe(II)low 
spinCNFe(III)high spin units where water is the carrier of ionic species involved in the 
electrochemical processes of these electrochromic films17,18. 
From a spectroscopic perspective, the absorption band around 670 nm is 
particularly interesting since it is associated with Fe(II)low spinCNFe(III)high spin structural 
units forming the rigid skeleton of the PB. This band is caused by the electron charge 
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transfer from the Fe(II) atoms surrounded by –CN units to the Fe(III) atoms surrounded 
by –NC units13,18. Furthermore, this band and its electrochromic efficiency remain 
unaltered during the transformation of insoluble PB to soluble PB in the stabilization 
process19. 
Quartz crystal microbalance (QCM) is a mass detection device based on the 
piezoelectric resonant frequencies of quartz crystal placed in an oscillator circuit20. The 
first quantitative description was given by Sauerbrey equation21. The decrease in 
frequency, ∆𝑓𝑟, shows a linear relationship with the electrode mass shift, ∆𝑚, when 
adsorbed films on resonator sensor are uniform, elastic (acoustically thin), and ultrathin: 
∆𝑓𝑟 = −
2𝑓𝑞
2
𝐴√𝜌𝑞𝜇𝑞
∆𝑚 [2] 
where 𝑓𝑞 is the fundamental resonant frequency of quartz in air, 𝐴 is the piezoelectrically 
active area, 𝜌𝑞 is the density of quartz, and 𝜇𝑞 is the shear modulus of quartz. 
In many situations, the adsorbed film shows viscoelastic properties because of 
physical intrinsic properties of film or when is thick enough. This film will not fully 
couple to the oscillation of the crystal and will dampen the oscillations of resonator. In 
spite of the Sauerbrey relation becomes invalid in this situation, Etchenique and 
coworkers showed the possibility of making gravimetric use of the QCM beyond the 
Sauerbrey limit using the Martin’s viscoelastic model22. 
The changes of mechanical/structural and viscoelastic properties of adsorbed 
molecules can be evaluated by measuring the elements of the QCM equivalent circuit by 
fitting experimental admittance–frequency (𝑌 − 𝑓𝑟) curves
23,24. The Butterworth-Van 
Dyke (BVD) equivalent circuit consists of two branches that represent a static capacitance 
(𝐶𝑠) in parallel with a motional (or resonant) branch with the motional inductance, 𝐿𝑚, 
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the motional capacitance, 𝐶𝑚, and the motional resistance 𝑅𝑚 in series. The complete 
electrical admittance of the loaded quartz resonator is: 
𝑌(𝜔) = 𝑗𝜔𝐶𝑝 +
1
𝑅𝑚 + 𝑗𝜔𝐿𝑚 +
1
𝑗𝜔𝐶𝑚
= 𝑗𝜔𝐶𝑝 +
1
𝑍𝑚(𝜔)
 
[3] 
where 𝜔 = 2𝜋𝑓𝑟 is the angular frequency, 𝑗 = √−1 and 𝑍𝑚 is the motional impedance. 
Each element of the electroacoustic model has a relation between the mechanical 
properties of the three-layer compound resonator: the piezoelectric properties of the 
quartz crystal (𝑞), the viscoelastic behavior of the film (𝑓) and the shear parameter of the 
liquid medium (𝑠)25,26. If the characteristics of the quartz and of the liquid are considered 
as constant, 𝑍𝑚(𝜔) can be described according to the viscoelastic model of Granstaff and 
Martin as27: 
𝑍𝑚(𝜔) =
ℎ𝑞
2
4𝑒𝑞2𝐴
𝑍𝑓 +
𝑍𝑠 + 𝑍𝑓 𝑡𝑎𝑛ℎ(𝜃𝑓ℎ𝑓)
𝑍𝑓 + 𝑍𝑠 𝑡𝑎𝑛ℎ(𝜃𝑓ℎ𝑓)
 [4] 
where ℎ𝑓 and ℎ𝑞 are the thicknesses of the film and quartz crystal respectively, 𝑒𝑞 is the 
quartz piezoelectric constant, 𝑍𝑠 is the acoustic impedance of solution, 𝑍𝑓 = √𝜌𝑓𝐺𝑓 is the 
acoustic impedance of film, 𝜃𝑓 = √𝜌𝑓 𝐺𝑓⁄  the complex propagation constant of the film 
where 𝜌𝑓 is the film density. 𝐺𝑓 = 𝐺𝑓
′ + 𝑗𝐺𝑓
′′ is the complex shear modulus of film where 
𝐺𝑓
′  is the stiffness of rigidity coefficient and 𝐺𝑓
′′ is considered as the loss term. From the 
real part of Eq. [4], the motional resistance of the BVD equivalent circuit can be expressed 
as28: 
𝑅𝑚 =
𝜋2𝜂𝑞ℎ𝑞
8𝐾2𝑐66𝜉22𝐴
+
ℎ𝑞
2
4𝑒𝑞2𝐴
(
𝜔2𝜌𝑓
3 2⁄ ℎ𝑓
2𝐺𝑓
′
(𝐺𝑓
′′)
2
− (𝐺𝑓
′)
2) +
ℎ𝑞
2
4𝑒𝑞2𝐴
√
𝜔𝜌𝑠𝜂𝑠
2
 [5] 
where 𝜂 is the viscosity, 𝐾 is the electromechanical coupling factor for no loss quartz, 𝑐66 
is the piezoelectrically stiffened elastic constant for no loss quartz, 𝑒𝑞 is the piezoelectric 
stress constant for quartz, 𝜌𝑠 is the solution density and 𝜉22 is the quartz permittivity. The 
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versatility of this magnitude provides information of magnetic properties28, molecular 
interactions29,30, porosity of film22, metal conversions31, and electrocatalysis32. 
The motional resistance is related to the energy dissipation during oscillation due 
to internal friction, mechanical losses in the mounting system and acoustical losses to the 
surrounding environment33. If the characteristics of the quartz and of the liquid are 
considered as constant, then, 𝑅𝑚 becomes a function of 𝜌𝑓, ℎ𝑓, 𝐺𝑓
′  and 𝐺𝑓
′′ to characterize 
conducting films. The viscoelasticity depends both on the electrolyte composition and 
film charge or redox state24,34. The solvent incorporated into the polymer network can 
lead to swelling and can act as plasticizer of the polymer35. However, for the sake of 
unifying the fitted parameters, either the film thickness and/or the film density has to be 
maintained constant24,36. This is a good approximation but conducting films may change, 
during the electrochemical transitions, the thickness to store inserted ions or water 
molecules by molecular arrangements37–40 and the global density considering the 
polymeric chains, counter-ions and water molecules condensed in a finite space (dense 
gel)41,42. 
Taking advantage of current and mass provided by the electrochemical QCM, we 
could obtain the mass/charge ratio. This function gives information about the nature of 
species or about the mechanism of an electrochemical reaction involving changes of mass 
on the electrode surface considering the Faraday’s law43: 
𝐹 (
𝑑𝑚
𝑑𝑞
) = 𝐹 (
𝑑𝑚 𝑑𝑡⁄
𝑗
) = ∑ 𝜈𝑖
𝑀𝑖
𝑛𝑖
 [6] 
where 𝑀𝑖 is the molar mass of charged 𝑖 specie, which is involved in the charge balance 
of 𝑛𝑖 electrons and 𝜈𝑖 represents a percentage of the electrical charge balanced by the 
participation of this ion. However, we must take care with the results of Eq. [6] because 
neutral species participate during the ionic exchanges in some reactive systems, which 
involve mass changes, but they do not cause a flux of electrical charge. 
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After a nuclear power plant disaster like recently in the Fukushima prefecture 
(Japan), long living radioisotopes of cesium are released to the environment. The cesium 
is water-soluble; therefore, cesium removal from radioactive wastes becomes one of the 
most important decontamination aims. Interestingly, PB-like hexacyanometallates have 
the capacity to absorb cesium from this kind of wastes44–47. The present work is focused 
on the analysis of the stabilization of “insoluble” PB films galvanostatically deposited on 
the gold electrode of a quartz resonator or on a transparent indium-tin oxide (ITO) 
electrode when the counter cation that enters into the framework of PB is cesium. For 
that, the processes, which involve the PB electrochemistry around the PB⇄ES system 
was investigated in 0.5 M CsCl aqueous solution at low pH. This study was carried out 
by means of simultaneous measurements of the resonance frequency of quartz and the 
motional resistance simultaneously measured with a QCM with motional resistance 
monitoring (QCM-R). 
2. Experimental 
Insoluble PB films were electrochemically deposited by immersion in 0.02 M 
K3Fe(CN)6 (analytical reagent, Scharlau), 0.02 M FeCl3·6H2O (analytical reagent, 
Scharlau), and HCl (analytical reagent, Scharlau) solution. A controlled cathodic current 
of 40 µA.cm-2 was applied for 150 s to obtain “insoluble” PB films7. 
Once the “insoluble” form were deposited on the working electrode, the film was 
conditioned during 60 seconds applying 0.6 V in 0.5 M CsCl (Scharlau RA) at pH = 2.7 
(adding some concentrated HCl drops). Then, “soluble” PB was generated  by cycling the 
electrochemical system between 0.6 V (PB) and 0.2 V (ES) in the same solution at 20 
mV s1. A thermostatized three-electrode cell was used for simultaneous spectroscopic 
and electrogravimetric experiences. A high surface mesh of Pt/Ir was used as counter 
electrode. All potentials were referred to the Ag|AgCl|KCl(sat) reference electrode. An 
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Autolab potentiostat-galvanostat (POSTAT304) was used in the voltammetric 
measurements, whereas a QCM-R (RQCM, Maxtek Inc.) was used to record the motional 
resistance and changes of frequencies of resonant quartz during the stabilization process. 
Calibration of gold/quartz-crystal electrodes was carry out by means of a galvanostatic 
deposition (2 mA cm-2) of Cu from a 0.5 M CuSO4 (H2O)5 solution in a 0.1 M H2SO4 at 
pH = 1.92 (both chemicals were reagent grade, Scharlau). 
The working electrodes were high reflectance gold/quartz-crystal electrodes of 20 
mm2 (AT-cut quartz crystal, 9 MHz Matel-Fordahl). That allows the in situ measures of 
Visible-NIR transmittance of the PB deposited to be performed by an Ocean Optics TM 
DH-2000-BAL Spectrometer. The color response reflected on the diode-array of 
spectrometer from gold/quartz-crystal electrodes was received as number of counts at 
each wavelength, 𝑛𝑐𝑜𝑢𝑛𝑡𝑠
𝜆  which, is directly converted into light intensity at a given 
wavelength, 𝐼𝜆. In this work, an apparent time derivative of absorbance at a specific 
wavelength (𝐴𝜆) is calculated for comparing with mass and electrical charge changes by 
means of the Lambert-Beer’s law: 
𝐴𝜆 = −𝑙𝑜𝑔 (
𝐼𝜆
𝐼0
𝜆
) = −𝑙𝑜𝑔(𝐼𝜆) + 𝑙𝑜𝑔(𝐼0
𝜆) [7] 
𝑑𝐴𝜆
𝑑𝑡
=
𝑑 (−𝑙𝑜𝑔(𝐼𝜆) + 𝑙𝑜𝑔(𝐼0
𝜆))
𝑑𝑡
= −
𝑑 (𝑙𝑛(𝐼𝜆))
𝑙𝑛(10) · 𝑑𝑡
= −
1
2.303𝐼𝜆
𝑑𝐼𝜆
𝑑𝑡
 [8] 
Since, the intensity of transmitted light, 𝐼𝜆, is proportional to the number of 
counts, 𝑛𝑐𝑜𝑢𝑛𝑡𝑠
𝜆 , received by the diode at this wavelength, it can be written: 
𝑑𝐴𝜆
𝑑𝑡
= −
1
2.303𝐼𝜆
𝑑𝐼𝜆
𝑑𝑡
= −
1
2.303𝑛𝑐𝑜𝑢𝑛𝑡𝑠
𝜆
𝑑𝑛𝑐𝑜𝑢𝑛𝑡𝑠
𝜆
𝑑𝑡
 [9] 
Later, raw data of absorbance were smoothed leaving out noise using the software 
Mathcad 14 (Mathsoft). 
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An Agilent 7500cx ICPMS (equipped with collision cell) was used for 
concentration measurements. Quantitative determination of Cs in PB films was carried 
out through Inductively Coupled Plasma Mass Spectrometry (ICP-MS) after film 
dissolution in concentrated ammonia. EDTA was added to prevent metal hydroxides 
precipitation. In this occasion, indium-tin oxide (ITO) electrodes of 1 cm2 were used (30 
Ω/sq.). ITO electrodes with deposited “soluble” PB films were immersed in 2 mL of a 
freshly prepared concentrated solution of NH3 : 0.01 M EDTA (1:4) and sonicated during 
1 minute. The solution was quantitatively collected, diluted to 20 mL with 0.001 M EDTA 
and directly aspirated to the ICPMS. NH3 (Trace Select Ultra) was from Fluka and EDTA 
disodium salt (Molecular Biology) from Scharlau. 
3. Results and Discussion 
After PB electrodeposition, the “insoluble” film was immersed in 0.5 M CsCl 
aqueous solution at pH = 2.7 for the electrochemical transformation to the “soluble” film 
by means of cyclic voltammetry. Fig. 1 shows the mass (Fig. 1a) and motional resistance 
(Fig. 1b) responses during the first and tenth stabilization cycle. Motional resistance is 
expressed as increment taking as the reference value the initial 𝑅𝑚 value of collected data 
series. Thus, ∆𝑅𝑚 in Fig. 1b shows the changes of viscoelastic properties of PB film 
caused by electrochemical reactions involved during the potential sweeps. 
The main difference between both cycles is the irreversibility observed in the first 
cycle. The most significant Cs+ insertion takes place during the first reduction process 
with a mass increment of 7 µg cm2 (Fig. 1a). After first reduction of “insoluble” PB, 
“soluble” form of PB is formed in CsCl solutions by the insertion of Cs+ together with a 
significant amount of water molecules excluded48,49. Both processes are responsible for 
an evident increase of motional resistance of about 48 Ω (Fig. 1b). Therefore, the first 
electrochemical insertion of Cs+ involves significant structural and viscoelastic changes 
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in the PB film. Later, the first oxidation process does not achieve the original values in 
both magnitudes. The successive cycles show a practically reversible variation of mass 
and ∆𝑅𝑚 similar to the cycle 10 in Fig. 1. 
These changes are consequence of the electrochemical behavior of PB film during 
the stabilization process (Fig. 2). In spite of the shape of voltammograms does not change 
appreciably, some differences can be mentioned. In general, two voltammetric peaks are 
observed around 0.4-0.5 V and 0.1-0.2 V in all voltammograms. The main difference is 
observed in the cathodic sweep of first cycle where a shoulder around 0.1 V appears. This 
peak coincides with the high increment of mass and ∆𝑅𝑚 mentioned above. 
Compared with voltammetry of PB films in KCl aqueous solutions50,51, the 
transformation of the freshly generated “insoluble” PB to the “soluble” and stabilized PB 
in CsCl aqueous solution shows wider and smaller voltammetric peaks. Moreover, the 
entrance of cation Cs+ into PB films causes a loss of their electrical conductivity and life-
times with respect to the entrance of other cations like potassium or ammonium50,51. In 
this case, cesium cations can be easily inserted in the PB film because they easily lose 
their hydration sphere in solution52. 
In the Fig. 2, the function 𝐹(𝑑𝑚 𝑑𝑞⁄ ) (Eq. [6]) includes the pondered contribution 
of all species interchanged between PB film and the solution in both reduction and 
oxidation directions for cycle 1 and 10. Around 0.15 V during the reduction process of 
cycle 1 (Fig. 2a), 𝐹(𝑑𝑚 𝑑𝑞⁄ ) shows values close to 80 g mol1. Theoretically, 
𝐹(𝑑𝑚 𝑑𝑞⁄ ) function of Cs+ insertion involving one electron transfer would be the same 
value than molar mass of Cs (about 133 g mol1). A lower value indicates the participation 
of different species, as it was suggested by ac-electrogravimetry52. This hypothesis agrees 
also with previous experimental results which prove that water molecules (18 g mol1) 
and protons (1 g mol1) but not anions within the PB film play a very important role 
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during electrochemical processes53. The complex electrochemical system of PB films 
involving several specie transfers does not allow the 𝜈𝑖 of each participating specie to be 
easily find out because several combinations give the same result. However, 80 g mol-1 
proves clear the main electrochemical insertion of Cs+ during the first reduction of 
“insoluble” PB film. Once we have a “soluble” PB, Cs+ counterion is interchanged during 
the first oxidation with the medium around 0.6 V considering the values of the 𝐹(𝑑𝑚 𝑑𝑞⁄ ) 
(again around 80 g mol1). 
In the following voltammetric cycles, 𝐹(𝑑𝑚 𝑑𝑞⁄ ) function shows similar behavior 
independently of oxidation and reduction process (Fig. 2b). Principally, we observe 
higher values of 𝐹(𝑑𝑚 𝑑𝑞⁄ ) function than 50 g mol1 around 0.6 V. Therefore, we 
assume the participation of Cs+ as the main counterion to balance the charge defects. As 
potential is more cathodic, 𝐹(𝑑𝑚 𝑑𝑞⁄ ) function decreases to 0 g mol1. It is expected that 
smaller counterions (protons) participate during the electrochemical processes between 
0.2 V and 0 V54. 
To study the specie composition of “soluble” PB film, a freshly prepared PB film 
was electrodeposited on ITO electrodes. After the stabilization process in CsCl aqueous 
solution, the specie composition of this film was measured through ICP-MS. A Fe Cs⁄  
ratio about 0.5 was detected in the stabilized PB film. However, Cl was also incorporated 
into the structure of PB. A Cs Cl⁄  ratio between 1.3 and 1.5 was obtained. Taking into 
account these results and the postulated formula of “soluble” PB when K+ is the 
counterion (Eq. [1]), the elemental formula of “soluble” Prussian Blue could be written 
as: 
Fe4
III[FeII(CN)6]3·[(Cs
+)2·(OH
−)2·(m'H2O)]3·zCsCl [10] 
The overall entrance of CsCl implies a strong dehydration that justifies the low 
electrical conductance observed by mean of EIS respect other alkali cations50. Therefore, 
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the number of water molecules m′ would be lower that its initial value in the freshly 
deposited PB (around 14-16 molecules per cubic cell)16–18. 
Meanwhile, z depends on immersion time of electrodes into the solution of CsCl 
taking into account the evolution of mass and ∆𝑅𝑚 in Fig. 1. Along voltammetric cycles, 
the mass deposited on electrode increases continuously (Fig. 1a). After 10 cycles, the 
mass deposited on electrode increases about 9 µg cm2. The changes of chemical 
composition during the stabilization process affect the energy loss of transversal waves 
from the quartz resonator as it is reflected by the increase of ∆𝑅𝑚 of about 75 Ω. To prove 
this assumption, two “insoluble” PB films were immersed in CsCl aqueous solution but 
only one was stabilized by cyclic voltammetry (Fig. 3).  
As Fig. 3a depicts, before the first electrochemical reduction at the beginning of 
the experiences (t= 0 minutes), a drastic increase of 𝑅𝑚 of about 300 Ω together with a 
radical decrease of the resonant frequency of about 5 kHz take place due to the formation 
of the interfacial region between the “insoluble” PB film and solution. This quick 
evolution of both magnitudes should be related to the connection of molecules of inner 
water cluster with aqueous solution. Similar behavior was observed during the formation 
of the interfacial region when the freshly deposited film without any previous cyclic 
voltammetry stabilization is immersed into a CsCl solution (Fig. 3b). 
After that, the mass slightly decreases and ∆𝑅𝑚 increases between 0 and 3 minutes 
in spite of the last minute the conditioning potential (0.6 V) is applied (Fig. 3a). This 
evolution is less evident during the potential sweeps, which cause of oscillating mass and 
∆𝑅𝑚 changes observed between 3 and 17 minutes (the “apparent” peaks of mass and ∆𝑅𝑚 
are the start/final of voltammetric cycles). The slightly evolution of mass and ∆𝑅𝑚 is 
clearly shown in Fig. 3b where no potential sweep is applied and a continuous decrease 
of mass and increase of ∆𝑅𝑚 take place. 
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These results suggest that in both cases there is a spontaneous entrance of Cs. 
Therefore, two types of net entrance of Cs are observed. On the one hand, a spontaneous 
and non-stoichiometric entrance where Cs atoms are located inside the porous of the 
zeolitic film55. In aim to maintain the electrical neutrality, the cesium cation must be 
accompanied by chloride anion. On the other hand, Cs+ is inserted into the PB film as a 
counterion in the first electrochemical reduction of the stabilization process by cyclic 
voltammetry (Fig. 3a at t = 2.5 minutes). That is in agreement with Cs Cl⁄  ratio obtained 
by ICP-MS. The excess of 0.3-0.5 ratio from the ideal ratio of CsCl (1) is due to the Cs 
incorporated electrochemically. Simultaneously, part of the water molecules leaves the 
water cluster. After 50 voltammetric cycles of stabilization or the equivalent time for an 
immersed “insoluble” PB film in CsCl solution (about 75 minutes), the elemental 
quantities obtained were similar. Fig. 4 shows a schematic representation of PB 
composition and specie transfer during the reduction process of PB films in CsCl acid 
solution. 
From a structural perspective, 𝑅𝑚 can be considered as a lumped element of BVD 
circuit with different contributions in the normal direction of modified resonator25–28. 
First, a default contribution due to the manufacturing of electrode resonator (𝑅𝑚
0 ). Second, 
a contribution associated with the interface Au|film (𝑅𝑚
𝐴𝑢|𝑓𝑖𝑙𝑚
). Third, a contribution 
related to the mechanical and magnetic properties of the film (𝑅𝑚
𝑓𝑖𝑙𝑚
)28. Finally, a fourth 
superposed contribution associated with the film|solution interfacial region 
(𝑅𝑚
𝑓𝑖𝑙𝑚|𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
). Theoretically, 𝑅𝑚
𝑓𝑖𝑙𝑚
 would depend on the structure and the inner 
composition of the film, whilst 𝑅𝑚
𝑓𝑖𝑙𝑚|𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 would depend on the viscoelasticity of the 
interfacial region. Presumably, 𝑅𝑚
0  remains constant for each experiment carried out with 
a particular electrode. Moreover, we can assume that 𝑅𝑚
𝐴𝑢|𝑓𝑖𝑙𝑚
 depends on the charge 
transfer but should be of a lower order of magnitude than 𝑅𝑚
𝑓𝑖𝑙𝑚
. Then, a first 
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approximation can be written from these assumptions: 
𝑅𝑚 = 𝑅𝑚
0 + 𝑅𝑚
𝐴𝑢|𝑓𝑖𝑙𝑚
+ 𝑅𝑚
𝑓𝑖𝑙𝑚
+ 𝑅𝑚
𝑓𝑖𝑙𝑚|𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
≈ 𝑐𝑜𝑛𝑠𝑡. +𝑅𝑚
𝑓𝑖𝑙𝑚
+ 𝑅𝑚
𝑓𝑖𝑙𝑚|𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 
[11] 
where 𝑅𝑚
𝑓𝑖𝑙𝑚|𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 includes the friction between the film and the solution together with 
the insertion phenomenon through this interfacial region. This energy loss of the 
transversal waves between both interfaces is directly related with the viscosity of the 
solution. Unfortunately, 𝑅𝑚 includes almost all these previously mentioned contributions. 
From a quantitatively point of view, the 𝑅𝑚 variation can be considered as changes 
in the elasticity and viscosity in the interfacial region. 
∆𝑅𝑚 =  ∆𝑅𝑚
𝑓𝑖𝑙𝑚
+ ∆𝑅𝑚
𝑓𝑖𝑙𝑚|𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 [12] 
Assuming that the mechanical properties of interfacial region do not change 
during voltammetric cycles, 𝑅𝑚 changes are due to changes of composition and 
viscoelastic properties of PB (the second term of Eq. [5]). 
Consequently, ∆𝑅𝑚 evolution in Fig. 1b should depend on density changes or 
changes of mass because of ionic and non-ionic species exchanges. In this situation, we 
must be confident that film thickness, the stiffness of rigidity coefficient (𝐺𝑓
′) and the loss 
term (𝐺𝑓
′′) are constant in the second term of Eq. [5] during the whole stabilization process 
but this fact is easily feasible for the inorganic crystalline structure of PB films. 
Considering both approximations, one can compare qualitatively the results 
showed in Fig. 1. Whereas vacancies are formed at more cathodic potentials during the 
reduction reaction of cycle 1, the more significant variation of mass and 𝑅𝑚 take place 
reversibly in the subsequent cycles at potentials more anodic (cycle 10). Accordingly, 𝑅𝑚 
changes after the first reduction reaction of cycle 1 are due exclusively to mass changes, 
or more specifically, to Cs+ exchange as counter ion during the electrochemical reactions. 
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In Fig. 5a, time-derivative absorbance at 670 nm (𝑑𝐴670 𝑑𝑡⁄ ) for the first cycle 
shows the color evolution of the chromophores Fe(II)low spinCNFe(III)high spin which 
require the alkaline cation participation13. This chromophore is the responsible of the 
blue/white electrochromism of PB. Compared with the voltammetric response, we 
observe that the electrochemical process stars at a lower cathodic potential range in the 
voltammogram (early t in the time scale) than the 𝑑𝐴670 𝑑𝑡⁄  peak. From a kinetic 
perspective, the reduction of FeIII sites in the walls of crystal vacancies, which involucres 
the hydrogen ions as counterions (cathodic peak), takes place more easily than the 
reduction of associated to the spectroscopic band centered at 670 nm (negative peak of 
𝑑𝐴670 𝑑𝑡⁄  and shoulder around 25 s). 
The entrance of the Cs+ during the first cathodic scan yields the color changes of 
PB film (negative peak of 𝑑𝐴670 𝑑𝑡⁄  observed in Fig. 5a). This fact coincides at time (or 
potential) with the maximum of the 𝑑𝑅𝑚 𝑑𝑡⁄  function in Fig. 5b, but does not coincides 
with the 𝑑𝑚 𝑑𝑡⁄  function (Fig. 6a and b). Consequently, it is necessary the entrance of a 
certain quantity of Cs+ in the PB structure to cause an increase of the rigidity of the film 
during the first cathodic scan. 
Once the PB film is stabilized, the changes modulated of PB elasticity during the 
potential sweeps takes place around 0.3-0.4 V (Fig. 6a) owing to the exchange of Cs+. 
Like in the first cycle, 𝑑𝑅𝑚 𝑑𝑡⁄  (Fig. 6a) and 𝑑𝑚 𝑑𝑡⁄  (Fig. 6b) peaks are not coincident 
at the potential scale neither in the reduction process nor in the oxidation process. The 
most important changes of PB elasticity takes place where PB films accumulate around 
75-85 % of Cs inside the structure considering that the mass changes are due mainly to 
Cs exchange. 
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4. Conclusions 
The simultaneous measurement of current, mass and motional resistance 
magnitudes allows to explain the changes of elasticity during the electrochemical 
stabilization of “insoluble” PB film to “soluble” films caused by the exchange cesium. 
Cesium ions are inserted in the PB structure by means of two process. On the one hand, 
CsCl enters spontaneously into the crystalline structure whereas the PB film is immersed 
in CsCl acid solution. CsCl insertion causes the exit of water molecules from the inner 
water cluster to the solution reducing the electroactivity of PB film. On the other hand, 
Cs+ participates as a counterion in the Prussian Blue (blue) ⇆ Everitt’s salt (uncolored) 
process. In both process, the insertion of cesium into the PB structure involve an increases 
of rigidity of the material. For practical uses related to the capture of cesium in aqueous 
wastes, the electrochemical reduction of “soluble” PB increases the capacity of this 
polymer to incorporate  Cs+ inside the crystalline structure. 
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7. Figure captions 
Fig. 1. Mass variation (a) and motional resistance (b) of the first cycle and 10th cycle 
during the stabilization process in 0.5 M CsCl (pH 2.7) of a PB film deposited on Au 
electrode (𝑆 = 20.02 mm2). The reference electrode is Ag|AgCl|KCl(sat); 𝜈 = 20 mV s-1; 
𝑇 = 299 K. The resonance of quartz crystal is 9 MHz. 
Fig. 2. 𝐹(𝑑𝑚 𝑑𝑞⁄ ) variation and current response of the first cycle (a) and 10th cycle (b) 
during the stabilization process in 0.5 M CsCl (pH 2.7) of a PB film deposited on Au 
electrode (𝑆 = 20.02 mm2). The reference electrode is Ag|AgCl|KCl(sat); 𝜈 = 20 mV s-1; 
𝑇 = 299 K. Closed circles indicate the cathodic direction and open circles are the anodic 
direction of the potential sweep. The resonance of quartz crystal is 9 MHz and 𝐹 is the 
Faraday number. 
Fig. 3. Evolution of resonant frequency 𝑓 and motional resistance 𝑅𝑚 vs time during the 
voltammetric stabilization experiment (a) and by immersion in solution (b) of a PB film 
deposited on Au electrode (𝑆 = 20.02 mm2) in 0.5 M CsCl (pH = 2.7). The resonance of 
quartz crystal is 9 MHz. 
Fig. 4. Schematic approximation of PB structure and ionic channels where the 
participating species can be inserted during the stabilization process. Arrows indicate 
specie transfer during a reduction process. 
Fig. 5. 𝑑𝐴670 𝑑𝑡⁄  variation (a) and 𝑑𝑅𝑚 𝑑𝑡⁄  variation (b) vs time with the current response 
of the first cycle of the stabilization process in 0.5 M CsCl (pH 2.7) of a PB film deposited 
on Au electrode (𝑆 = 20.02 mm2). The reference electrode is Ag|AgCl|KCl(sat); 𝜈 = 20 
mV s-1; 𝑇 = 299 K. The resonance of quartz crystal is 9 MHz. 
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Fig. 6. 𝑑𝑅𝑚 𝑑𝑡⁄  variation (a) 𝑑𝑚 𝑑𝑡⁄  variation (b) of the first cycle and 10th cycle during 
the stabilization process in 0.5 M CsCl (pH 2.7) of a PB film deposited on Au electrode 
(𝑆= 20.02 mm2). The reference electrode is Ag|AgCl|KCl(sat); 𝜈 = 20 mV s-1; 𝑇 = 299 K. 
The resonance of quartz crystal is 9 MHz. 
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8. Figures 
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